A new fiber sensor system designed for spectroscopic analysis and on-line quality assurance of arcwelding processes is presented here. Although several different approaches have been considered for the optical capture of plasma emission in arc-welding processes, they tend to be invasive and make use of optical devices such as collimators or photodiodes. The solution proposed here is based on the arrangement of an optical fiber, which is used at the same time as the optical capturing device and also to deliver the optical information to a spectrometer, embedded within an arc-welding torch. It will be demonstrated that, by using the shielding gas as a protection for the fiber end, the plasma light emission is efficiently collected, forming a sensor system completely transparent and noninvasive for the welding operator. The feasibility of the proposed sensor designed to be used as the input optics of a welding quality-assurance system based on plasma spectroscopy will be demonstrated by means of several welding tests.
Introduction
On-line quality assurance of arc and laser welding processes has been an important research topic for years, and an optimal solution is still to be found. The lack of a theoretical foundation able to effectively model these welding processes [1] , mainly due to the inherent complexity of the physics involved, has forced the use of off-line methods (both destructive and non-destructive) to analyze the quality of the welds. In some particular scenarios, like aeronautics or nuclear, the avoidance of possible weld defects is critical, and great efforts are devoted to ensure a specific final quality, typically by using penetrant liquids, magnetic particles, X-rays or macrographs.
Obviously, these off-line quality assurance techniques involve a cost in terms of productivity, which could be minimized by using real-time, on-line monitor and control systems. Several techniques have been proposed to perform an on-line control of welding processes, from the analysis of the plasma acoustic emission [2, 3] , to solutions based on infrared thermography [4, 5] , or optical approaches typically by means of plasma spectroscopy [6, 7, 8] .
Although plasma spectroscopy has proved to be a promising technique, the development of an optimal on-line welding sensor and control system is still an active area of research. It has been demonstrated that, by performing a spectroscopic analysis of the plasma radiation in the ultraviolet and visible bands, some spectroscopic parameters can be directly correlated with the quality of the resulting welds [6, 7] . In addition, the inherent immunity of optical systems to electromagnetic interferences (EMI), which can be a serious problem for the electrical and acoustic solutions, and the wide variety of possible optical sensor setups (remote photodiodes [9] and optical fiber capturing [10] ) are some of the advantages of these optical methods.
Despite this diversity regarding the input optics alternatives, the arrangement of optical devices such as collimators in the vicinity of the welding torch can be a drawback in terms of invasiveness. On the other hand, in particular welding scenarios, like processes where complex shapes are considered, the solution to the input optics disposition is not trivial. In addition, problems such as heating and interference of weld pool projections with the input optics must be also taken into consideration.
In this paper, a new fiber-sensor approach to the problem of capturing the plasma light radiation during arc welding processes is presented. An optical fiber embedded into a TIG torch is used as the optical sensor of an arc-welding quality assurance technique based on plasma spectroscopy. Several tests performed in the laboratory will show the feasibility of the proposed system.
Plasma Spectroscopy
The basis of the use of plasma spectroscopy in welding quality assurance lies in the known correlation that exists between the plasma electronic temperature T e profile and its associated weld quality. Consequently, if perturbations are to be found along the T e profile, it will imply that weld flaws will also appear.
The plasma electronic temperature can be determined by using the technique commonly known as Boltzmann-plot, which is derived from the Boltzmann equation [11] :
where N is the population density of the state m, Z the partition function, g m the statistical weight, E m the upper level energy, the Boltzmann constant and T e the plasma electronic temperature. Considering also the expression relating the intensity of a given emission line to the population density of the upper level N m ,
where A mn is the transition probability, and h␥ m the energy of that transition; then the expression for the so-called Boltzmann-plot can be determined by combining Equations (1) and (2):
It is worth noting that T e can be calculated with Equation (3), as the plot resulting from using various lines from the same atomic species in the same ionization stage, representing the left-hand side of Equation (3) versus E m , has a slope inversely proportional to T e . Equation (3) can be used to obtain T e when the plasma is in local thermodynamic equilibrium (LTE) [12] , condition that is assumed to be valid when N e Ն 1.6 ϫ 10
where N e is the electronic density and ⌬E is the largest energy gap in the atomic energy level system. The criterion expressed in Equation (2) can be obtained by considering that a necessary condition for LTE is that the collision rate has to exceed the spontaneous emission by a factor of ten. The assumption of LTE, which implies that the different particles within the plasma have Maxwellian energy distributions, is traditionally accepted for arc welding plasmas, like those generated during TIG welding processes.
Experimental Issues
The input optics of the sensor systems designed to capture the light radiated from the plasma formed during the welding process are typically based on the use of a collimator, in addition to an optical fiber and a CCD spectrometer. Although the collimator is a good solution to couple the light radiation into the optical fiber, its dimensions and the necessity to be located centimetres away from the plasma axis are a serious drawback, especially when considering industrial welding processes. Although some systems whit the input optics attached to the welding torch have been proposed [13] , the situation of the collimator outside the torch can be a problem in some scenarios, in terms of operator disturbances or when complex shapes are to be welded.
It is known that the arc-welding process exhibits physical properties that are extremely aggressive to almost any kind of sensor placed just centimetres away from the electrode tip, like strong electromagnetic interference or very high temperatures. The optical fiber is an optimal sensor solution in terms of immunity to electromagnetic interferences, and the use of one of the welding nozzle shielding gas exits to guide the fiber end would allow to reduce the effect of the high temperatures to be found in the vicinity of the welding arc axis. In addition to the cooling effect upon the fiber, the shielding gas flow would also keep possible weld pool projections from colliding with the fiber tip, or from interfering in the light capture process.
A scheme displaying the input optics solutions mentioned above is presented in Figure 1 . In Figure  1 (a), a scheme of the input optics arrangement considering the use of a collimator is depicted. The collimator should be focused on the axis formed between the electrode tip and the plate to capture the plasma radiation. An image of the proposed sensor is shown in Figure 1(b) , where an optical fiber has been embedded within the TIG torch. The ceramic protection of the torch has been removed to enable the view of the fiber end.
The complete setup used to acquire the plasma spectra is presented in Figure 1(c) , where the optical fiber, a P50-UVVIS (Ocean Optics), of 50 m core diameter and one meter length, is guided through the torch and attached to a 2048-pixel CCD spectrometer (Ocean Optics USB2000).
Once the fiber was embedded within the torch, it was necessary to validate its ability to both capture the plasma spectra and to resist the arc-welding environment. Several arc-welding tests were performed with a TIG-welding system formed by a "Kemppi Mastertig 2200" power source and a high-precision positioning system, with a controller (Newport MM4005) and two linear stages (Newport MTM100PP1), with a resolution of 1 m in both axes. This positioning system was employed to move the AISI-314 plates used for the tests. In addition, Argon was used as shielding gas (with a flow rate of 12 L͞min) and Tungsten electrodes of 1.6 mm diameter were chosen. The distance between the electrode tip and the plates was 1 mm.
The effect of the welding process on the fiber embedded within the welding torch can be observed in Figure 2 . In Figure 2 (a) the 50 m core fiber men- tioned above is shown before having been used as the embedded sensor. In Figures 2(b) and (c) the fiber end after 10 and 30 welding tests is shown. In the case of Figure 2 (b) welding currents up to 70 A were used, while in Figure 2 (c) the maximum current was 100 A. It is worth noting that the duration of each welding test was approximately 8 seconds, resulting in total welding times of 80 and 240 seconds for Figures 2(b) and (c) respectively. Although it is clear that some degradation appears in the fiber cladding, the fiber core remains almost unaffected by the welding process, what enables the capture of the plasma radiation. It should be mentioned that the polyimide protection of the fiber was removed by means of the electric arc of a fussion splicer (Ericsson FSU 995), and that the fiber itself was considerably manipulated, what could have affected the fiber tip. In this regard, the defects located at the bottom of the fiber end (left and right sides), could have been provoked by the mechanical stress performed on the fiber when it was guided through the TIG torch.
Examples of spectra captured with the embedded fiber sensor are shown in Figure 3 . The captured spectra are depicted with a dotted-line, and the background signal (obtained by means of a moving average) is also represented to facilitate the comparison among spectra. In Figure 3 (a) a spectrum captured by means of the input optics scheme of Figure 1(a) is shown. The spectra presented in Figures 3(b) and (c) were obtained with the embedded fiber sensor, and it can be seen that the resulting spectra are quite similar. It is worth noting that, in the case of Figure 3(a) , the lack of spectral response in the wavelengths between 200 and approximately 330 nm is due to the attenuation of the optical fiber in the UV region, given that in this case the length of the fiber used was 2 meters, and the length of the embedded fiber was just 1 meter. In addition, it is worth noting that there is no substantial deterioration in the fiber spectral response after several welding tests, as can be observed by comparing Figures 3(b) and (c). However, a wavelength-dependent loss appears in the fiber in the UV region that can be better appreciated in Figure 4 .
To verify the spectral response of the fiber after several welding tests, a white source was used to record the transmission spectrum of the embedded fiber. A DH-2000 Deuterium Tungsten light source was employed to obtain the data depicted in Figure 2 . The Deuterium source was selected, as it provides enough light in the spectral range between 200 and 400 nm. In Figure 4 (a) the response of the fiber before and after 50 welding tests (with a total welding time of approximately 400 seconds) is presented, with welding currents up to 70 A. In this case there is no clear deterioration of the optical fiber spectral response, but in Figure 4 (b) some attenuation appears in the UV-region (between 200 and 300 nm). These additional losses in the UV-region are provoked by the intense radiation in the UV region generated during the welding process (welding currents up to 100 A were used in Figure 4(b) ). This phenomenon, commonly referred to as solarization, is believed to be associated with the formation of color centers [14, 15] . It is worth noting that the spectral characterization of the fibers is slightly different in Figures 4(a) and (b), because an additional fiber (2 meter length, identical to the one used in the experiments) was used in the characterization for 4 (a).
Spectroscopic Analysis
The final purpose of the proposed embedded fiber sensor is its implementation within a quality assurance system based on plasma spectroscopy. As mentioned in Section 2, there exists a correlation between the plasma electronic temperature and the quality of the resulting welds, and the T e profiles can be determined using Equation (3) .
Several welding tests with the TIG welding setup described in Section 3 were performed to check the validity of the proposed embedded fiber sensor. In Figure 5 two examples showing the ability of the fiber sensor to effectively collect the plasma light radiation to be analyzed by means of plasma spectroscopy are presented. Figure 5 (a) depicts a weld where no visible defects are to be found. A constant welding current of 50 A on a 1 mm plate was used. The T e profile of Figure 5 (b) was determined using Equation (2) with 5 Ar II emission lines located within the spectral range from 474 to 488 nm. The absence of clear perturbations in the T e profile indicates that no defects are expected. On the contrary, the weld shown in Figure 5 (c) exhibits a clear defect provoked by a discontinuity in the thickness ͑2 mm͒ of the stainlesssteel plate. A 1 mm depth incision orthogonal to the weld direction was performed, and this caused the appearance of the void in x Ϸ 4 cm, with a constant welding current of 65 A. The associated T e profile (calculated in this case with 7 Ar II lines between 459 and 488 nm) presented in Figure 5 (d) allows the detection of the mentioned defect by exhibiting a distinguishable perturbation at that weld position, remaining T e constant around 0.85 eV for the rest of the seam. The spectroscopic data of the Ar II emission lines considered is presented in Table 1 .
Conclusions
In this paper a new fiber sensor solution designed to be used for on-line arc-welding process quality assurance by means of spectroscopic analysis has been presented. The fiber sensor, embedded within a TIG welding torch, is a highly non-invasive approach to the problem of effectively collecting the plasma light radiation in arc-welding processes. The use of one of the TIG torch shielding gas nozzle exits to guide the fiber end has a cooling effect upon the fiber, also allowing to prevent possible weld pool projections from interfering with the light capturing process. It has been demonstrated that, although the fiber suf- fers some external deterioration due to the welding process, the fiber core remains unaffected, and the fiber effectively collects the light even after 100 welding tests (total welding time of 800 seconds). In addition, a more specific fiber treatment, in terms of the fiber protection removal, fiber cutting and fiber insertion into the TIG torch, could avoid the occurrence of the deterioration mentioned above, at least up to some extent. Measurements of the fiber transmission after several welding processes have shown the appearance of some wavelength-dependent losses in the UV region due to the intense plasma radiation. However, although special solarization-resistant fibers could be used to avoid this phenomenon, the effect of these losses is not especially relevant, as the fibers employed in our tests have proved to be suitable for plasma spectroscopic analysis. By means of several welding tests, and the determination of the associated T e profiles, the proposed fiber sensor has been successfully validated as a valid approach for on-line quality assurance of arc-welding processes.
